The concepts of melt strength or fragility, borrowed from the description of inorganic and molecular glasses, has become popular also for metallic alloys: the kinetic fragility is described by the viscous behaviour of the liquid and the thermodynamic fragility by the entropy loss on undercooling. Using the data presently available on viscosity and introducing a new index, the reduced span of the glass transition range, it is shown that kinetic data comply reasonably well to the general trend of the strong-fragile classification. On the other hand, there are discrepancies for the thermodynamic fragility of metallic glass formers with respect to conventional ones. A recent report in Nature (Novikov and Sokolov, October 2004) has suggested a correlation between melt strength/fragility and the elastic moduli of the glassy material (namely the ratio of the bulk to shear modulus). This is checked for metallic glasses which were not discussed by the Authors of the Nature paper, next to inorganic and organic glasses. It is shown that considering a larger material basis and extending the number of property values in the data base, the correlation becomes rather poor. There is, however, the possibility of distinguishing among each class of glasses, e.g. inorganic, organic, metal-metal and metal-metalloid.
Introduction
The existence of an amorphous state for metals has been known for more than forty years. During such period a large amount of information has been collected on properties of alloys mostly amorphised by rapid solidification in the form of ribbons. In the last decade, there has been a widespread resurgence of interest in the topic following up the discovery of alloys which can be vitrified in bulk form. 1, 2) The availability of ingot samples has given the chance of performing extensive measurements of mechanical properties which were hardly conceivable with thin ribbons and opened the possibility of shaping the materials to manufacture various products. The breakthrough has been the discovery of alloy compositions and processing techniques for which the critical cooling rate for glass formation is reduced from millions or hundred thousands to a few degrees per second or even less. The molten state of alloys suited for the production of bulk metallic glasses is apparently both thermodynamically and kinetically stabilised. Actually, the alloys display low melting point, often a eutectic, and can be undercooled easily without nucleation of crystal phases. 3, 4) Metallic glass forming melts have properties (e.g. viscosity) comparable to those of other conventional glass formers both inorganic and organic, so the undercooled liquid state has been described within a common framework. It has been shown that the viscosity of such liquids is much higher than that of other metallic melts, already at their melting point. 5) The viscosity then increases continuously for several orders of magnitude on undercooling causing the glass transition to be reached at temperatures in excess of 0.6 T m , with T m the melting point. However, glassy phases are obtained in bulk form also with alloys having lower viscosity for which the glass transition is reached at temperatures of the order of 0.5 T m .
6) The reasons for the diverse behaviour of metallic melts are not fully understood. Glass forming liquids have been classified according to their strength or, alternatively, fragility. These properties are measured by the rate with which liquid properties change on undercooling. Typically, the viscosity of a strong liquid increases regularly with decreasing temperature as shown by a linear trend in an Arrhenius plot, whereas the viscosity of a fragile liquid is generally lower and increases faster when approaching the glass transition.
7) The thermodynamic counterpart of transport properties, is that the extensive thermodynamic quantities vary on undercooling, so that fragile liquids loose entropy faster than strong ones when approaching the glass transition. Therefore, it has been suggested that the strength of a melt can be measured by suitable parameters of both kinetic and thermodynamic origin. 8) A recent report 9) has suggested the existence of a correlation between melt strength or fragility and the elastic moduli of the glassy material. Since the glass transition occurs when the glass does not resist shear stress, the shear modulus of the glass, G, should reflect this tendency when compared to the bulk modulus, K. The dimensionless parameter K=G has been taken as a measure of such resistance. Further, it has been supposed that the resistance to shear in the glassy state corresponds to the analogous property of the melt, i.e. its strength. Therefore K=G should scale with it and, noting that
the strength of the melt should correlate with the Poisson ratio, . Actually, a remarkable correlation has been reported between a strength/fragility index, m, defined below, and K=G for some inorganic and organic glasses. Metallic glasses were not considered along with the other glasses, therefore it appears useful to check for the above correlation with metals and for the link between melt and glass properties.
Indexes Expressing the Strength or Fragility of Melts
The most frequently used fragility index, m, is obtained as the slope of the plot of the logarithm of viscosity, , at the glass transition temperature, T g , 
The curves appearing in a plot of log versus T g =T show variable bending according to the strength of the melt: for very strong glass formers the plot is close to a straight line (Arrhenius behaviour) whereas the most pronounced is the curvature of the plot, the higher is m and the lower is the strength. [7] [8] [9] The non-linear dependence of viscosity on inverse temperature is most often described by the VFT equation
where A and B are constants and T 0; is the temperature where the viscosity should diverge. Consequently,
Equation (3) accounts for the span of viscosity values of glass formers amounting to about 17 orders of magnitude from above the melting point to the glass transition. An alternative kinetic fragility index, F kin,1/2 , has been introduced as
where T 1=2 is the temperature at which log reaches the mid value of the above range (log ¼ 3:5).
8)
The glass transition temperature is determined in most cases from results of Differential Scanning Calorimetry (DSC) experiments in which it is manifested as a step in the calorimetric curve. The viscosity change in the temperature range from the onset to the end of the glass transition step (ÁT g ¼ T g À T f ) has been shown to correspond to about two orders of magnitude for various glasses including metallic glasses. 10) Using the VFT equation, it is derived that
and remembering the definition of the fragility parameter m (eq. (4)), it is obtained:
The more fragile the liquid, the narrower the reduced glass transition range should be. 11) Values for the various parameter are collected in Table 1 for metallic glasses. The data were obtained at similar heating rates and mostly with rapidly solidified samples. Data for inorganic and organic glass formers have been already reported; [8] [9] [10] a few more data which did not appear in previous analyses are given in Table 2 . All of them are reported in Fig. 1 where it is verified that the correlation expressed by the above equation is well obeyed without distinction between the different types of materials. This correlation is useful in extending the possibility of comparison of properties for metallic glasses since several data on the glass transition range are present in the literature, contrary to viscosity which has been measured for a limited number of alloys, especially in the undercooled regime.
The thermodynamic manifestation of the melt fragility is reflected in the rate of entropy loss as a function of temperature.
8) The difference in entropy, ÁS, between the melt and the reference crystal phase is 
where T m is the melting temperature, ÁS m is the entropy of fusion and ÁC p the difference in specific heat between the melt and the crystal. Since ÁC p is substantial for glass formers and often scales with inverse temperature, 35) a plot of ÁS g =ÁS versus T g =T should be comparable with that of viscosity. It is expected that the higher the rate of entropy loss, the lower the strength of the melt. A fragility index, F td,1=2 , can be defined, analogously to F kin,1=2 , where T 1=2 is here the temperature at which ÁS g =ÁS reaches the value of 0.5.
8) The data for various glass forming alloys have been collected 11) and used to build the plot in Fig. 2 where it is seen that the trend of the entropy curves is actually reminiscent of that of log versus T g =T. F td,1=2 points have been derived and displayed together with F kin,1=2 versus the m index in Fig. 3 . The kinetic fragility index scales, although with considerable scatter, with m. This is expected since the two quantities are derived from the same property of the melt. The scatter is due to experimental uncertainty and to the need of interpolating data obtained at temperatures above the melting point and in the region of the glass transition for a full description of the property. The thermodynamic index is practically coincident with the kinetic one for three alloys, but deviates to a large extent for the other three for which the indexes could be computed. Therefore, the correlation between the two indexes cannot be proven with the data available to date, contrary to other glass forming systems for which it has been ascertained with confidence by correlating it with F kin,1=2 8) and ÁT g =T g .
27)

Comparison of Properties of the Melt and Elastic Constants of Glasses
Turning now to consider the relationship between the fragility parameter m and the ratio K=G for metallic glasses which were not included in the discussion when the correlation was first proposed, 9) the elastic constants have been collected from the literature for several alloys and reported in Table 1 . The m index is plotted versus K=G in Fig. 4 for all materials. Three more values for inorganic glasses are included in addition to the previous set ( Table 2) . The correlation between m and K=G appears less stringent than expected, not only for metallic systems, but also for the ensemble of inorganic and organic glasses. This is confirmed even more evidently when the T g =ÁT g index is plotted versus K=G as shown in Fig. 5 which contains an extended set of Table 2 Indexes expressing the kinetic strength/fragility of melts (m, T g =ÁT g ), and data on Poisson ratio () and the ratio of bulk (K) to shear (G) moduli for inorganic glass formers for which data were not collected in. 8{10Þ The sources of data not present in the previous references are provided in Tables 1 and 2 Fig. 2 The plot of ÁS g =ÁS versus T g =T intended to show the thermodynamic fragility. Letters correspond to the alloy compositions listed in Table 1 .
Is There a Link between Melt Fragility and Elastic Properties of Metallic Glasses?data for metallic glasses (Table 1 ). More than a general correlation, the plots appear to show the dependence of the indexes on the type of material: inorganic, organic, metalmetal and metal-metalloid glasses. In fact, there is a neat distinction between areas of the plot pertaining to the two categories of glassy metals with respect to both inorganic and organic glass formers. Among amorphous alloys the higher values of K=G belong to metal-metalloid systems containing noble and transition metals and phosphorus. Metal-metal alloys cluster at lower values of the ratio of elastic constants. Inorganic and organic glasses occupy almost entirely distinct areas of the plot.
Discussion
The loss of entropy on melt undercooling has been amply demonstrated for glass forming metallic alloys. The entropy, as well as the other extensive thermodynamic quantities, are temperature dependent as demonstrated by the substantial values of the excess specific heat in the liquid state. This has been shown to be due to mixing effects and reflects the progressive formation of a short range order which should affect also atomic transport. 5) Attempts to express a connection between transport and thermodynamic properties of melts find their basis in the Adam-Gibbs model of viscosity leading to
where S c is the liquid configurational entropy and A and C constants. S c is usually approximated by the entropy difference between the liquid and the corresponding crystal, ÁS (eq. (8)). The entropy difference, ÁS, ÁS contains both configurational and vibrational contributions. The position S c ¼ ÁS implies the equality of vibrational entropies in the liquid and the crystal. This is certainly questionable for glass formers in general and even more for metallic glass formers which do not possess a single crystalline solid as a reference but a phase mixture. The success of the model has been explained by assuming that both the entire excess liquid entropy and the configurational contribution S c , change with temperature proportionally: a change in vibrational entropy of the liquid would cause a corresponding effect in the configurational part, i.e. in the accessibility of configurational states. 8) This has been recently questioned on the ground that different anharmonic contributions to the excess entropy occurring in various glasses will impair the above assumption.
14) Actually, the large variation of the K=G ratio among the various families of glasses and within the same family, which is directly proportional to the ratio of longitudinal to transverse sound velocities, can be an indication of the varying degree of anharmonicity. It would be of interest to verify the variation in K=G ratio also for the undercooled melt.
There can be other causes contributing to the uncertainty in the correlation between F kin,1=2 and F td,1=2 . Thermodynamic quantities needed to express the strength index, namely the entropy of fusion can be ill defined because the melting involves a mixture of crystal phases some of which may not correspond in local configurational order to that of the melt. Also, the melting temperature is undetermined to some degree since alloys can melt in a temperature interval. Finally, uncertainties can arise from liquid specific heat values which need to be interpolated from the high to the low temperature range and because of the considerable scatter of most data; also it can be difficult to determine precisely the crystal specific heat because of the reactivity of alloy components.
The interpretation given here to the relationship between melt strength and elastic constants in the glassy state is at variance to the general correlation inferred previously when the plot contained only inorganic and organic glass formers. Adding more data to the collection, for metallic and also for inorganic materials, shows that it is preferable to consider the different types of amorphous substances separately. In most cases such as inorganic, organic and possibly metal-metal glass formers, the correlation between m and K=G can still be envisaged. Actually the higher m values correspond to high K=G values. m is inversely proportional to the resistance to shear stress in the undercooled liquid. The K=G ratio provides a measure of the relative resistance to dilatation and shear stress in the glassy solid. Since the glass retains features of the atomic short range order existing in the liquid and, in most cases, of the atomic (molecular) bonding, it is reasonable to find a correspondence between the two quantities in a given family of materials. High values of K=G imply that the glass is relatively weak in shear. Comparing Pd and Zr based glasses, it has been demonstrated that the former contain an higher amount of free volume in their liquid state which is then correspondingly quenched in the respective glasses. 14) Shearing is then easier. For metalmetal glasses, it is expected that the bonding has no or little directional character in comparison to metal-metalloid systems, therefore, the K=G ratio should approach the average of the constituent elements and be closer to the ideal value, i.e. 8/3 for ¼ 1=3, as verified in Fig. 5 .
A large value of K=G has been recently reported for the most ductile metallic glass known to date, Pt 57:5 Cu 14:7 -Ni 5:3 P 22: 5 22) arguing that the weakness in elastic shear response can help in extending the tip of a shear band instead of causing initiation of a crack. High K=G values should, therefore, indicate enhanced ductility. From the collection of data displayed in Figs. 4 and 5, it is expected that ductile bulk metallic glasses will mostly be found among metal-metalloid systems.
Conclusions
The liquid state of metallic glass formers can be described in terms of strength or fragility concept as for inorganic and organic glass formers. The kinetic indexes of these properties correlate well with each other for all material classes, especially the slope of the logarithm of viscosity at T g , m, and the inverse reduced temperature span of the glass transition range, T g =ÁT g . The correlation verified here is of utility since the latter quantity is easily determined in differential scanning calorimetry experiments whereas viscosity and consequently m require lengthy experiments and dedicated apparatus.
Although it is derived from the plot of ÁS g =ÁS versus T g =T which has the same shape as the viscosity plot, the thermodynamic index, F td,1=2 , fails in providing a general scaling of alloys with respect to their fragility. The multiple reasons for this difficulty have been outlined (i.e. uncertainties in thermodynamic data, lack of a reference state different from the crystal, and inadequate approximation to the liquid configurational entropy).
The key point of the discussion in this paper is that the strong correlation between m and K=G (the ratio of bulk to shear modulus in the glass) which has been suggested on consideration of data for a group of inorganic and organic glasses does not appear to stand a larger scrutiny, not only for metallic systems, but also for the other glasses. When m and T g =ÁT g indexes are plotted versus K=G, different behaviour is evidenced for the various types of material: inorganic, organic, metal-metal and metal-metalloid glasses and the correlation, when existing, is confined within each type. It is finally underlined that a high value of the K=G ratio can indicate intrinsic ductility of the glass.
